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Clinical PerspectiveWhat Is New?Defective Notch signaling during human and mouse development is known to cause congenital heart defects. However, it remains unclear how Notch signaling is regulated during embryonic vasculogenesis and heart development.Here, Regulator of G protein signaling 6 and oxidized CaMKIIδ are found to function in parallel pathways as novel critical upstream modulators of Notch signaling and cardiovascular development. In evidence of this, their combined but not individual loss in mouse causes defective Notch signaling, severe cardiovascular defects, and embryonic lethality.What Are the Clinical Implications?The findings presented in this article suggest that altered embryonic expression of Regulator of G protein signaling 6 and oxidation of CaMKII may lead to the development of human congenital heart defects, the most common birth defects worldwide.Further understanding of the possible underlying genetic causes of congenital heart defects will allow us to more accurately identify individuals whose children will experience these disorders and will lay the groundwork for future research into gene therapies that could be used to treat these disorders.

 {#jah32678-sec-0008}

Congenital heart defects represent the most common developmental problem in newborns, occurring in 3% of live births.[1](#jah32678-bib-0001){ref-type="ref"}, [2](#jah32678-bib-0002){ref-type="ref"} The embryonic circulatory system includes vascular, cardiac, and hematopoietic components, which are derived from the mesoderm during gastrulation.[3](#jah32678-bib-0003){ref-type="ref"} Accurate vasculogenic, arteriogenic, and angiogenic mechanisms, all relying on precise control of gene expression, are needed for proper embryonic cardiovascular system development.[4](#jah32678-bib-0004){ref-type="ref"} Vasculogenesis, one of the earliest key events during embryogenesis, is a process whereby vascular endothelial progenitor cells (angioblasts) differentiate and coalesce to form the primary vascular plexus. This process is followed by a series of events leading to vascular remodeling and maturation including angiogenesis (sprouting, branching, splitting, and differential growth of vessels in primary plexus), arterial/venous specification, and recruitment of mural cells to vascular walls.[5](#jah32678-bib-0005){ref-type="ref"}, [6](#jah32678-bib-0006){ref-type="ref"}

Numerous signaling molecules and pathways, including vascular endothelial growth factor (VEGF), transforming growth factor‐β, angiopoietin/Tie receptor, ephrin/Eph receptor, and Notch signaling, have been implicated in various stages of vascular development and endothelial function.[7](#jah32678-bib-0007){ref-type="ref"}, [8](#jah32678-bib-0008){ref-type="ref"}, [9](#jah32678-bib-0009){ref-type="ref"}, [10](#jah32678-bib-0010){ref-type="ref"}, [11](#jah32678-bib-0011){ref-type="ref"} The Notch signaling pathway, in particular, plays a major role in vertebrate development, functioning as a direct paracrine signaling system involved in cell fate determination, specification, proliferation, differentiation, and apoptosis.[12](#jah32678-bib-0012){ref-type="ref"} The Notch family consists of 4 Notch receptors (Notch 1--4) and 5 Notch ligands, Jagged (Jag) 1, Jag2, Delta‐like (Dll) 1, Dll3, and Dll4. Ligand‐receptor interaction between neighboring cells triggers γ‐secretase complex‐mediated proteolytic cleavage of the Notch receptor releasing the Notch intracellular domain (NICD) into the cytoplasm. The Notch intracellular domain then translocates into the nucleus and associates with the DNA‐binding protein RBPJK/CBF1/Su(H) and the co‐activator of the Mastermind‐like family, leading to transcription of downstream target genes, including hairy/enhancer of split‐related family with BHLH transcription factor (Hes) or with YRPW motif (Hey) family members.[13](#jah32678-bib-0013){ref-type="ref"}, [14](#jah32678-bib-0014){ref-type="ref"} In mice, global and endothelial‐specific gain or loss of function mutations in genes encoding the Notch receptor (Notch1, Notch3, Notch4, and Notch1/4)[15](#jah32678-bib-0015){ref-type="ref"}, [16](#jah32678-bib-0016){ref-type="ref"}, [17](#jah32678-bib-0017){ref-type="ref"}, [18](#jah32678-bib-0018){ref-type="ref"}, [19](#jah32678-bib-0019){ref-type="ref"} or its ligands (Jag1 and Dll1)[20](#jah32678-bib-0020){ref-type="ref"}, [21](#jah32678-bib-0021){ref-type="ref"}, [22](#jah32678-bib-0022){ref-type="ref"}, [23](#jah32678-bib-0023){ref-type="ref"} leads to death from vascular and cardiac defects at gestational days E9.5 to 11.5 or after birth. Likewise, mice with genetic deletions in Notch downstream pathway genes die at E10.5 as a result of defective vasculature.[24](#jah32678-bib-0024){ref-type="ref"}, [25](#jah32678-bib-0025){ref-type="ref"}, [26](#jah32678-bib-0026){ref-type="ref"} Importantly, defective Notch signaling in humans is associated with both the degenerative vascular disease cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL: missense mutation in Notch 3 gene) and Allagile syndrome (mutation in Jag1 or Notch 2).[27](#jah32678-bib-0027){ref-type="ref"}, [28](#jah32678-bib-0028){ref-type="ref"}

Regulator of G protein signaling 6 (RGS6) is a member of the RGS protein family that function as GTPase‐activating proteins for specific Gα subunits. By promoting the inactivation of Gα subunits, RGS proteins control the intensity and duration of signaling through G protein--coupled receptors. RGS6 is a GTPase‐activating protein for Gαi/o subunits and regulates Gαi/o‐coupled receptors in the brain.[29](#jah32678-bib-0029){ref-type="ref"}, [30](#jah32678-bib-0030){ref-type="ref"}, [31](#jah32678-bib-0031){ref-type="ref"} Previous studies from our laboratory have shown that RGS6 is robustly expressed in the heart where it controls not only M2R signaling through its canonical G protein actions,[32](#jah32678-bib-0032){ref-type="ref"} but also mediates doxorubicin and alcohol‐induced myocardial cell apoptosis/cardiomyopathy by functioning as an upstream activator of NADPH oxidase (Nox)‐dependent reactive oxygen species (ROS) generation.[33](#jah32678-bib-0033){ref-type="ref"}, [34](#jah32678-bib-0034){ref-type="ref"} ROS act as secondary messengers or signaling molecules to mediate cardiomyocyte apoptosis. We hypothesized that this cardiomyocyte apoptosis could be facilitated by the ROS‐mediated oxidation of Ca^2+^/calmodulin‐dependent protein kinase II δ (ox‐CaMKII) on 2 key regulatory domain methionines (M281/282), as we demonstrated that ox‐CaMKII promotes myocardial injury and death.[35](#jah32678-bib-0035){ref-type="ref"} The present study was initiated to test the role of this RGS6‐Nox‐ROS‐ox‐CaMKII signaling axis in heart injury by determining whether mice with individual or combined loss of RGS6 and ox‐CaMKII phenocopied each other in terms of protection from ROS‐induced cardiomyocyte apoptosis. In this process, we discovered the critical role of RGS6 and ox‐CaMKII as upstream co‐modulators of Notch signaling and embryonic development.

Here, we report severe cardiovascular defects leading to early embryonic lethality in mice lacking RGS6 and expressing an oxidation‐resistant form of CaMKIIδ (RGS6^−/−^/CaMKII^VV^) by knock‐in replacement of regulatory domain methionines with valines. These mice allowed us to directly interrogate the relationship between RGS6, ROS, and ox‐CaMKII in embryonic development. Mice lacking either RGS6 or ox‐CaMKII did not exhibit embryonic lethality. However, RGS6^−/−^/CaMKII^VV^ mice display extensive defects in cardiac, hematopoietic, and vascular remodeling that impacts the embryo, yolk sac, and placenta. Our findings demonstrate a critical combined need for RGS6 and ox‐CaMKII regulation of Notch signaling as well as downstream arterial/venous specification (vascular development) and cardiac development.

Methods {#jah32678-sec-0009}
=======

An expanded [Methods](#jah32678-sec-0009){ref-type="sec"} section is available in Data [S1](#jah32678-sup-0001){ref-type="supplementary-material"}.

Mice {#jah32678-sec-0010}
----

RGS6 knockout (RGS6^−/−^) mice were backcrossed onto a C57BL6 background for 12 generations.[32](#jah32678-bib-0032){ref-type="ref"} Knock‐in mice expressing an oxidation‐resistant form of CaMKIIδ were generated on a C57BL6 background by replacing methionine 281 and 282 with valines.[36](#jah32678-bib-0036){ref-type="ref"} Wild‐type, heterozygous, and mutant CaMKIIδ mice are referred to as CaMKII^MM^, CaMKII^MV^, and CaMKII^VV^, respectively. CaMKII^VV^ mice were crossed with RGS6^−/−^ mice to generate RGS6^−/−^/CaMKII^MV^ mice. RGS6^−/−^/CaMKII^VV^ embryos were generated by intercrossing these RGS6^−/−^/CaMKII^MV^ mice. Mice/embryos were genotyped using polymerase chain reaction as previously described.[32](#jah32678-bib-0032){ref-type="ref"}, [36](#jah32678-bib-0036){ref-type="ref"} Primers and representative genotyping results are shown in Table [S1](#jah32678-sup-0001){ref-type="supplementary-material"} and Figure [S1](#jah32678-sup-0001){ref-type="supplementary-material"}, respectively. Embryos from the same litter were used for experiments whenever possible to minimize litter effects. All animal procedures were approved and experiments were performed in accordance with the Guide for the Care and Use of Laboratory Animals.

Histology {#jah32678-sec-0011}
---------

Embryos, yolk sacs, and placenta were fixed with 4% paraformaldehyde at 4°C overnight. Tissues were dehydrated and embedded in paraffin wax for sectioning as described.[37](#jah32678-bib-0037){ref-type="ref"} Paraffin‐embedded slices (10 μm) of embryos, yolk sacs, and placentas were prepared in the Central Microscopy Research Facility of the University of Iowa. Hematoxylin and eosin staining was also performed in the Central Microscopy Research Facility.

Myocardium Thickness and Extent of Trabeculation {#jah32678-sec-0012}
------------------------------------------------

Tissue sections (stained with hematoxylin and eosin) were examined by a boarded veterinary pathologist. For morphometry, post‐examination masking to groups was applied.[38](#jah32678-bib-0038){ref-type="ref"} Myocardial wall area (not including trabeculae) was enumerated and this value was divided by the circumference of the heart in each section to prevent sectioning artifacts. These were then normalized to the control mean to produce relative myocardial diameter values. Trabeculation was assessed through quantification of the trabecular area (not including the myocardial wall) and these values were divided by the circumference and normalized to the mean values of the CON as described above.

Quantitative Polymerase Chain Reaction {#jah32678-sec-0013}
--------------------------------------

Total RNA isolation, cDNA synthesis, and quantitative polymerase chain reaction was performed as previously described[39](#jah32678-bib-0039){ref-type="ref"} and details are provided in Data [S1](#jah32678-sup-0001){ref-type="supplementary-material"}.

Western Blot Analysis {#jah32678-sec-0014}
---------------------

Western blotting was performed as previously described[34](#jah32678-bib-0034){ref-type="ref"} and details are provided in Data [S1](#jah32678-sup-0001){ref-type="supplementary-material"}.

MEFs Isolation and Culture {#jah32678-sec-0015}
--------------------------

Mouse embryonic fibroblasts (MEFs) were isolated from E10.5 RGS6^+/+^/CaMKII^MM^, RGS6^−/−^/CaMKII^MM^, and RGS6^−/−^/CaMKII^VV^ embryos according to standard protocols.[40](#jah32678-bib-0040){ref-type="ref"} MEFs were grown in DMEM supplemented with 10% FBS and penicillin/streptomycin (10 U/mL). At passage 2, MEFs of these genotypes were seeded in 96‐well plates (10^4^ cells per well) and allowed to grow for 2, 6, and 8 days. At different days, MTT was added and absorbance at 550 nm was determined as previously described.[41](#jah32678-bib-0041){ref-type="ref"} Intracellular ROS generation was estimated using the cell‐permeable oxidation‐sensitive probe CM‐H2DCFDA (Sigma) as previously described.[41](#jah32678-bib-0041){ref-type="ref"}

Statistical Analysis {#jah32678-sec-0016}
--------------------

Unless otherwise stated, data were analyzed using Student *t* test. Results were considered significantly different at *P*\<0.05. Values are expressed as means±SE.

Results {#jah32678-sec-0017}
=======

RGS6 and ox‐CaMKII are Expressed in Embryos During Early Developmental Stages {#jah32678-sec-0018}
-----------------------------------------------------------------------------

We first analyzed the level and distribution of RGS6 and ox‐CaMKII in wild‐type (RGS6^+/+^/CaMKII^MM^) embryos during embryonic development by western blot and immunostaining. RGS6 protein expression was detected in embryos at E7.5 by western blot and was present through E15.5, while ox‐CaMKII and p‐CaMKII were detectable only from E9.5 to E15.5 (Figure [1](#jah32678-fig-0001){ref-type="fig"}A, Figure [S2](#jah32678-sup-0001){ref-type="supplementary-material"}). Both RGS6 and ox‐CaMKII are expressed at E10.5 in the developing endothelium of the dorsal aorta in RGS6^+/+^/CaMKII^MM^ embryos, as both proteins were co‐localized with platelet endothelial cell adhesion molecule 1 (PECAM1; endothelial marker) (Figure [1](#jah32678-fig-0001){ref-type="fig"}C and [1](#jah32678-fig-0001){ref-type="fig"}E). Furthermore, RGS6 and ox‐CaMKII are expressed in heart (endocardium and myocardium) of E10.5 RGS6^+/+^/CaMKII^MM^ embryos as both proteins were present in PECAM1‐positive and ‐negative cells (Figure [1](#jah32678-fig-0001){ref-type="fig"}D and [1](#jah32678-fig-0001){ref-type="fig"}F). These findings clearly demonstrate that RGS6 and ox‐CaMKII are expressed at similar developmental stages in the heart and developing vasculature.

![Expression of Regulator of G protein signaling 6 (RGS6) and oxidized Ca^2+^/calmodulin‐dependent protein kinase II (ox‐CaMKII) in mouse embryos. A, Western blot analysis of RGS6, ox‐CaMKII, phosphorylated CaMKII (p‐CaMKII), and total Ca^2+^/calmodulin‐dependent protein kinase II (CaMKII) expression in RGS6^+/+^/CaMKII^MM^ embryos at different gestation periods. B, Schematic illustration of transverse and sagittal sections of embryos used for immunostaining. C, Immunohistochemical analyses of RGS6 and ox‐CaMKII (red) expression in the dorsal aorta of embryos (transverse section) at E10.5 and co‐localization with the endothelial marker platelet endothelial cell adhesion molecule 1 (PECAM1) (green, upper). The schematic view showing the location of the neural tube (NT) and dorsal aorta (DA), in the respective pictures, are indicated by dotted red lines and green lines, respectively (lower). D, Immunohistochemical analysis of RGS6 and ox‐CaMKII (red) expression in the hearts of embryos (sagittal section) at E10.5 and co‐localization with PECAM1 (green, upper). The schematic view showing the location of the myocardium (MC) and endocardium (EC), for the respective pictures, are indicated by dotted red lines and green lines, respectively (lower). E, Co‐localization of RGS6 and ox‐CaMKII (red) with PECAM1 (green) in the DA region at higher magnification from embryo sections at E10.5. F, Co‐localization of RGS6 and ox‐CaMKII (red) with PECAM1 (green) immunostaining of endothelial cells in heart at higher magnification from E10.5 embryo sections. Decreased numbers of positive PECAM1‐stained endothelial cells were found in RGS6^−/−^/CaMKII^VV^ embryos compared with RGS6^+/+^/CaMKII^MM^ embryos. Scale bars, 50 μm (C and D) and 20 μm (E and F). H indicates heart; S, somites.](JAH3-6-e007038-g001){#jah32678-fig-0001}

Combined Loss of RGS6 and ox‐CaMKII Leads to Embryonic Lethality Between E10.5 and E11.5 {#jah32678-sec-0019}
----------------------------------------------------------------------------------------

Both RGS6^−/−^ and CaMKII^VV^ mice are born according to expected Mendelian ratios, have no apparent phenotypic defects, and are fertile.[32](#jah32678-bib-0032){ref-type="ref"}, [36](#jah32678-bib-0036){ref-type="ref"} However, when we crossed RGS6^−/−^/CaMKII^MV^ mice to generate RGS6^−/−^/CaMKII^VV^ mice we observed a striking deviation (≈1:2:0) from expected inheritance ratios (1:2:1) with no RGS6^−/−^/CaMKII^VV^ offspring being identified at weaning/genotyping age (P21) ([Table](#jah32678-tbl-0001){ref-type="table-wrap"}). To determine the age of embryonic lethality, we performed a genotypic analysis of yolk sacs from staged embryos derived from crossing of RGS6^−/−^/CaMKII^MV^ mice. Embryos of all 3 CaMKII genotypes (on RGS6^−/−^ background) had normal inheritance ratios from E7.5 to E9.5 ([Table](#jah32678-tbl-0001){ref-type="table-wrap"}) and were phenotypically indistinguishable. However, at E10.5, a marked difference in phenotype between the genotypes was seen as double mutant embryos (RGS6^−/−^/CaMKII^VV^) now appeared smaller when compared with RGS6^−/−^/CaMKII^MM^ (Figure [2](#jah32678-fig-0002){ref-type="fig"}A) or RGS6^−/−^/CaMKII^MV^ embryos (not shown). No RGS6^−/−^/CaMKII^VV^ embryos survived past E10.5 and were only visible as resorbed embryos from E11.5 to E15.5 ([Table](#jah32678-tbl-0001){ref-type="table-wrap"}). Therefore, the combined loss of RGS6 and ox‐CaMKII results in lethal embryonic abnormalities that manifest by E10.5.

###### 

Genotypes of Offspring Produced by Crossing RGS6^−/−^/CaMKII^MV^ Mice

  Age     RGS6^−/−^/CaMKII^MM^   RGS6^−/−^/CaMKII^MV^   RGS6^−/−^/CaMKII^VV^                       Total
  ------- ---------------------- ---------------------- ------------------------------------------ -------
  P21     51                     136                    0                                          187
  E15.5   4                      13                     7[a](#jah32678-note-0005){ref-type="fn"}   24
  E12.5   10                     15                     7[a](#jah32678-note-0005){ref-type="fn"}   32
  E11.5   7                      12                     5[a](#jah32678-note-0005){ref-type="fn"}   24
  E10.5   49                     110                    45                                         204
  E9.5    8                      14                     11                                         33
  E8.5    2                      4                      11                                         17
  E7.5    2                      5                      2                                          9

CaMKII indicates Ca^2+^/calmodulin‐dependent protein kinase II; E, embryonic; P, postnatal; RGS6, Regulator of G protein signaling 6.

Embryos were partially resorbed at the time of isolation.

![Cardiovascular abnormalities in Regulator of G protein signaling 6 (RGS6)^−/−^/Ca^2+^/calmodulin‐dependent protein kinase II (CaMKII)^VV^ embryos. A, Representative images of freshly dissected live E10.5 embryos (upper panel, scale bar=200 μm) and hematoxylin and eosin (H&E) staining of heart sections taken from E10.5 embryos (middle panel, scale bar=20 μm). Green arrowheads indicate normal (RGS6^−/−^/CaMKII^MM^) and thinned (RGS6^−/−^/CaMKII^VV^) myocardium and red arrows indicate regions of normal trabeculation in RGS6^−/−^/CaMKII^MM^ hearts and its loss in RGS6^−/−^/CaMKII^VV^ hearts of H&E‐stained sections (middle panel). Both myocardial thickness and the level of trabeculation were significantly reduced in RGS6^−/−^/CaMKII^VV^ embryos when compared with RGS6^−/−^/CaMKII^MM^ embryos, analyzed by Mann--Whitney test (lower panel). N=7 to 9 embryos, \**P*\<0.05. B, Increased caspase 3 (red) and platelet endothelial cell adhesion molecule 1 (PECAM1) (green)--stained double‐positive cells (yellow) in the heart ventricle of RGS6^−/−^/CaMKII^VV^ embryos at E9.5 compared with RGS6^−/−^/CaMKII^MM^. Scale bar=20 μm. DAPI indicates 4′,6‐diamidino‐2‐phenylindole.](JAH3-6-e007038-g002){#jah32678-fig-0002}

RGS6^−/−^/CaMKII^VV^ Embryos Exhibit Cardiac Developmental Defects {#jah32678-sec-0020}
------------------------------------------------------------------

The cardiovascular system is the first organ system to develop and is required for functional blood circulation and embryonic survival after E9.5.[42](#jah32678-bib-0042){ref-type="ref"} Given the expression of RGS6 and ox‐CaMKII in hearts and developing vasculature of RGS6^+/+^/CaMKII^MM^ embryos and the death of RGS6^−/−^/CaMKII^VV^ embryos after E10.5, we examined the hearts of these double mutant embryos before their death. Figure [2](#jah32678-fig-0002){ref-type="fig"}A shows that E10.5 RGS6^−/−^/CaMKII^VV^ embryos had thin ventricular walls and loss of trabeculation. Furthermore, BMP2 and Tbx2, genes critical for patterning of atrioventricular myocardium, were downregulated in double mutant embryonic hearts (Figure [S3](#jah32678-sup-0001){ref-type="supplementary-material"}). Histological examination of these double mutant embryos 1 day earlier at E9.5 revealed a substantial increase in caspase 3‐positive apoptotic endothelial (PECAM1+) cells compared with hearts of RGS6^−/−^/CaMKII^MM^ embryos (Figure [2](#jah32678-fig-0002){ref-type="fig"}B). Consistent with endothelial cell apoptosis at E9.5, we found few PECAM1‐stained cells in the heart of E10.5 RGS6^−/−^/CaMKII^VV^ embryos (Figure [1](#jah32678-fig-0001){ref-type="fig"}D and [1](#jah32678-fig-0001){ref-type="fig"}F). These findings demonstrate a combined need for RGS6 and ox‐CaMKII in cardiac embryogenesis.

Vascular Remodeling and Hematopoietic Defects in RGS6^−/−^/CaMKII^VV^ Placentas, Yolk Sacs, and Embryos {#jah32678-sec-0021}
-------------------------------------------------------------------------------------------------------

We undertook studies to determine the cause of the apparent cardiovascular failure in RGS6^−/−^/CaMKII^VV^ embryos. First, we analyzed extraembryonic structures and yolk sacs at E10.5 for any defects that might lead to developmental arrest at this stage. The placenta, which is composed of the giant cell, spongiotrophoblast, and labyrinthine regions (Figure [3](#jah32678-fig-0003){ref-type="fig"}A), is essential for the exchange of gases and nutrients between embryo and mother during gestation.[43](#jah32678-bib-0043){ref-type="ref"} Figure [3](#jah32678-fig-0003){ref-type="fig"}B shows that while RGS6^−/−^/CaMKII^VV^ placentas exhibited a normal morphology of trophoblast giant cells and spongiotrophoblasts, the labyrinth region had a marked loss of maternal (anucleated) and fetal (nucleated) red blood cells (RBCs) in the vasculature compared with RGS6^−/−^/CaMKII^MM^ placentas. To determine whether embryonic blood vessel development was defective, we performed immunostaining for fetal liver kinase 1, a marker of endothelial‐containing embryonic blood vessels. Fetal liver kinase 1 immunostaining confirmed a lack of viable embryonic blood vessels in the labyrinthine region of RGS6^−/−^/CaMKII^VV^ placentas (Figure [3](#jah32678-fig-0003){ref-type="fig"}C), suggesting that combined loss of RGS6 and ox‐CaMKII results in defective placental angiogenesis. Consistent with these findings, we found that both RGS6 and ox‐CaMKII are expressed in the labyrinthine region of RGS6^+/+^/CaMKII^MM^ placenta (Figure [S4](#jah32678-sup-0001){ref-type="supplementary-material"}).

![Vascular remodeling and hematopoietic defects in Regulator of G protein signaling 6 (RGS6)^−/−^/Ca^2+^/calmodulin‐dependent protein kinase II (CaMKII)^VV^ placentas, yolk sacs, and embryos. A, Schematic representation of different layers of placenta in mice; giant (G), spongiotrophoblast (S), and labyrinthine (L) layers. B, Hematoxylin and eosin (H&E) staining of RGS6^−/−^/CaMKII^MM^ and RGS6^−/−^/CaMKII^VV^ placenta illustrating G, S, and L layers. Higher magnification images of the labyrinthine layer reveals reduced maternal and fetal blood--filled vasculature in RGS6^−/−^/CaMKII^VV^ placentas. Arrows indicate maternal blood (anucleated) and arrowheads indicate fetal blood (nucleated). Scale bars=200 μm (placenta) and 5 μm (L). C, Fetal liver kinase 1 immunostaining of the placental L region revealed a reduction in embryonic vessels in RGS6^−/−^/CaMKII^VV^ placentas compared with RGS6^−/−^/CaMKII^MM^ placentas. Scale bars=50 μm. D, Representative images of embryos within their yolk sacs show what appears to be an absence of blood‐filled large vitelline vessels, which we later confirmed using whole‐mount platelet endothelial cell adhesion molecule 1 (PECAM1) immunostaining. H&E staining of yolk sacs section reveals fewer blood/hematopoietic cells in vessels (black arrows) in RGS6^−/−^/CaMKII^VV^ yolk sacs at E10.5 compared with RGS6^−/−^/CaMKII^MM^ yolk sacs, suggesting altered vascular remodeling and hematopoiesis from blood islands. Scale bars=200 μm (whole‐mount and PECAM1) and 20 μm (yolk sac), and (E) larger red blood cell (RBC) nuclei and cell sizes were observed in RGS6^−/−^/CaMKII^VV^ embryo sections. Scale bar=20 μm. Both the major and minor diameter of RBCs were significantly larger in RGS6^−/−^/CaMKII^VV^ embryos compared with RGS6^−/−^/CaMKII^MM^ embryos analyzed by Mann--Whitney statistical methods. N=3, \**P*\<0.05. DAPI indicates 4′,6‐diamidino‐2‐phenylindole.](JAH3-6-e007038-g003){#jah32678-fig-0003}

Vascular and hematopoietic lineages are derived from hemangioblasts in yolk sac that lead to the formation of both blood cells and vessels.[6](#jah32678-bib-0006){ref-type="ref"} Yolk sacs of RGS6^−/−^/CaMKII^VV^ embryos lacked larger branching vitelline vessels and blood circulation in comparison with RGS6^−/−^/CaMKII^MM^ yolk sacs (Figure [3](#jah32678-fig-0003){ref-type="fig"}D, upper), a finding confirmed by immunostaining for the early endothelial marker PECAM1 (Figure [3](#jah32678-fig-0003){ref-type="fig"}D, middle). In addition, findings from hematoxylin and eosin staining revealed that RGS6^−/−^/CaMKII^VV^ yolk sacs were thicker overall with more collapsed vessels and fewer RBCs in blood island pools than RGS6^−/−^/CaMKII^MM^ yolk sacs (Figure [3](#jah32678-fig-0003){ref-type="fig"}D, lower). To further characterize the apparent hematopoietic defect in yolk sacs, we performed hematopoietic colony formation assays using semisolid methylcellulose containing medium. We observed a marked reduction in the number of erythroid colonies (BFU‐E colonies) derived from RGS6^−/−^/CaMKII^VV^ yolk sacs as compared with RGS6^−/−^/CaMKII^MM^ yolk sacs (Figure [S5A](#jah32678-sup-0001){ref-type="supplementary-material"}). We then analyzed the expression level of genes required for hematopoiesis in yolk sacs derived from mice of these genotypes and found a significant decrease in the expression of GATA‐binding protein 1, β‐globin, and β‐major in RGS6^−/−^/CaMKII^VV^ yolk sacs compared with RGS6^−/−^/CaMKII^MM^ yolk sacs (Figure [S5B](#jah32678-sup-0001){ref-type="supplementary-material"}). The expression of c‐kit (KIT proto‐oncogene receptor tyrosine kinase), LIM domain‐only 2, stem cell leukemia protein, and runt‐related transcription factor 1 did not differ in the yolk sacs from mice of these two genotypes (Figure [S5B](#jah32678-sup-0001){ref-type="supplementary-material"}). These findings indicate that RGS6^−/−^/CaMKII^VV^ yolk sacs exhibit a failure in both remodeling and hematopoiesis of the primary vascular plexus.

RGS6^−/−^/CaMKII^VV^ E10.5 embryos also exhibited both hematopoietic and vascular defects similar to those observed in placenta and yolk sac. RBCs in RGS6^−/−^/CaMKII^VV^ embryos were larger with less eosinophilic cytoplasm and had larger nuclei than RBCs of RGS6^−/−^/CaMKII^MM^ embryos (Figure [3](#jah32678-fig-0003){ref-type="fig"}E). Morphometric analysis of the RBC diameter in both the major and minor planes showed significant increases in RBC size in RGS6^−/−^/CaMKII^VV^ embryos (Figure [3](#jah32678-fig-0003){ref-type="fig"}E). Further, results from whole‐mount PECAM1 immunostaining revealed a reduction in the number of large blood vessels in the fetal brain of RGS6^−/−^/CaMKII^VV^ when compared with RGS6^−/−^/CaMKII^MM^ embryos, although this reduction was not obvious in other regions, such as in the intersomitic vessels of the tail (Figure [4](#jah32678-fig-0004){ref-type="fig"}A). Histological sections of E10.5 RGS6^−/−^/CaMKII^VV^ embryos revealed that neural tubes appeared smaller with the presence of apoptotic cells (Figure [4](#jah32678-fig-0004){ref-type="fig"}C). Further, the dorsal aortae of RGS6^−/−^/CaMKII^VV^, the first functional intra‐embryonic blood vessels,[44](#jah32678-bib-0044){ref-type="ref"} were smaller and had little endothelial PECAM1 immunoreactivity (Figures [1](#jah32678-fig-0001){ref-type="fig"}E and [4](#jah32678-fig-0004){ref-type="fig"}D). Thus, the combined loss of both RGS6 and ox‐CaMKII results in extensive hematopoietic and vascular remodeling defects in both extraembryonic tissues as well as embryos themselves.

![Vascular remodeling defects in Regulator of G protein signaling 6 (RGS6)^−/−^/Ca^2+^/calmodulin‐dependent protein kinase II (CaMKII)^VV^ embryos. A, Schematic view of embryos represents the head and tail region used for whole‐mount platelet endothelial cell adhesion molecule 1 (PECAM1) immunostaining. Results from whole‐mount PECAM1 immunostaining of embryos revealed a lack of large blood vessels within the fetal brain region (indicated by white rectangles) of RGS6^−/−^/CaMKII^VV^ compared with RGS6^−/−^/CaMKII^MM^ embryos, although no defects on intersomitic vessels in the tail region of embryos were observed. Scale bars=200 μm. B, Schematic view of transverse section of embryos used for immunostaining (C and D). RGS6^−/−^/CaMKII^VV^ embryos show a developmentally delayed neural tube (smaller in size) (C), which may be caused by increased cell death, as represented by the caspase 3--positive cells. Scale bars=20 μm. D, Embryo sections showed a reduction in the size of the dorsal aorta and a thin endothelial layer around the dorsal aorta as indicated by red arrows in RGS6^−/−^/CaMKII^VV^ relative to RGS6^−/−^/CaMKII^MM^ embryos. The dotted lines in 4′,6‐diamidino‐2‐phenylindole (DAPI) staining indicate different regions as shown by abbreviation; NT (neural tube), and DA (dorsal aorta). Scale bars=20 μm.](JAH3-6-e007038-g004){#jah32678-fig-0004}

Defects of Arterial Differentiation and Maturation in RGS6^−/−^/CaMKII^VV^ Embryos {#jah32678-sec-0022}
----------------------------------------------------------------------------------

The vascular and cardiac defects we observed in RGS6^−/−^/CaMKII^VV^ embryos are highly reminiscent of those seen with global and endothelial‐specific deletion of Notch1, Notch1/Notch4, Jag1, and Tmem100 as well as double knockout (DKO) of Hey1/Hey2 and Epsin1/Epsin2.[16](#jah32678-bib-0016){ref-type="ref"}, [19](#jah32678-bib-0019){ref-type="ref"}, [20](#jah32678-bib-0020){ref-type="ref"}, [21](#jah32678-bib-0021){ref-type="ref"}, [25](#jah32678-bib-0025){ref-type="ref"}, [45](#jah32678-bib-0045){ref-type="ref"}, [46](#jah32678-bib-0046){ref-type="ref"} Jag1, Notch1, Hey1, Hey2, and Tmem100 genes are essential in establishing the arterial identity of vascular endothelial cells.[25](#jah32678-bib-0025){ref-type="ref"}, [45](#jah32678-bib-0045){ref-type="ref"}, [47](#jah32678-bib-0047){ref-type="ref"}, [48](#jah32678-bib-0048){ref-type="ref"} To determine the cause of the vascular defects in RGS6^−/−^/CaMKII^VV^ embryos and yolk sacs we analyzed via quantitative polymerase chain reaction the expression of arterial and venous endothelial markers in these tissues. Figure [5](#jah32678-fig-0005){ref-type="fig"}A shows that expression of arterial endothelial markers Ephrin B2 (EfnB2), gap junction protein alpha 4, and gap junction protein alpha 5 were significantly decreased in E10.5 RGS6^−/−^/CaMKII^VV^ yolk sacs and embryos when compared with RGS6^−/−^/CaMKII^MM^ embryos and yolk sacs. In contrast, combined loss of RGS6 and ox‐CaMKII had no effects on expression of Fms‐related tyrosine kinase 1 (also known as VEGFR1), fetal liver kinase 1 (VEGFR2), vascular endothelial marker VE‐cadherin, and venous endothelial marker EPH receptor B4 (EphB4) in either embryos or yolk sacs. Further, immunohistochemical analysis demonstrated a remarkable loss of Sm22 (smooth muscle precursor marker) expression around the dorsal aorta of RGS6^−/−^/CaMKII^VV^ embryos (Figure [5](#jah32678-fig-0005){ref-type="fig"}B), suggesting defects in recruitment of Sm22 for proper maturation of aortic vessel.[49](#jah32678-bib-0049){ref-type="ref"} Thus, the vascular defects we observed in RGS6^−/−^/CaMKII^VV^ embryos are associated with defective arterial differentiation and maturation.

![Arterial differentiation and maturation defects in Regulator of G protein signaling 6 (RGS6)^−/−^/Ca^2+^/calmodulin‐dependent protein kinase II (CaMKII)^VV^ embryos. A, mRNA expression levels of endothelial precursors (fms related tyrosine kinase 1 \[FLT1\] and fetal liver kinase 1 \[FLK1\]), the vascular endothelial marker (VE‐cadherin), arterial markers (Ephrin B2, gap junction protein alpha 4, and gap junction protein alpha 5), and the venous marker (EphrinB4) were analyzed by quantitative polymerase chain reaction in E10.5 embryos and their yolk sacs. N=3, \**P*\<0.001. B, Sm22 immunostaining of the dorsal aorta revealed a lack of smooth muscle recruitment in RGS6^−/−^/CaMKII^VV^ embryos compared with RGS6^−/−^/CaMKII^MM^ embryos. Scale bars=20 μm.](JAH3-6-e007038-g005){#jah32678-fig-0005}

Impaired Notch Signaling in RGS6^−/−^/CaMKII^VV^ Embryos {#jah32678-sec-0023}
--------------------------------------------------------

Given the role of Notch‐mediated juxtacrine signaling in arterial fate determination[50](#jah32678-bib-0050){ref-type="ref"} and the defects in arterial differentiation we observed in RGS6^−/−^/CaMKII^VV^ embryos and yolk sacs, we investigated whether there is a combined need for RGS6 and ox‐CaMKII for normal Notch signaling. First, we performed quantitative polymerase chain reaction for all Notch family members as well as Notch ligands and Notch transcriptional targets. We found significant decreases in the expression of Notch1, Jag1, Hey1, Hey2, and Hey1L, as well as upregulation of Dll4 in RGS6^−/−^/CaMKII^VV^ versus RGS6^−/−^/CaMKII^MM^ embryos, yolk sacs, and hearts (Figure [6](#jah32678-fig-0006){ref-type="fig"}A). In contrast, no differences were observed in other Notch family members or Jag2 among these genotypes. Given the deficits in Notch1 expression and downstream Notch targets in embryonic tissues of RGS6^−/−^/CaMKII^VV^ mice, we measured expression of the Notch1 intracellular domain (N1ICD), the initiator and mediator of Notch1 signaling, in E10.5 embryos by western blot. Figure [6](#jah32678-fig-0006){ref-type="fig"}B shows a marked loss of N1ICD expression in RGS6^−/−^/CaMKII^VV^ versus RGS6^−/−^/CaMKII^MM^ embryos. Consistent with these findings, immunohistochemical staining of E10.5 embryos for N1ICD showed a severe loss of N1ICD expression in the heart endothelium of RGS6^−/−^/CaMKII^VV^ embryos compared with controls (Figure [6](#jah32678-fig-0006){ref-type="fig"}C). These findings reveal a remarkable loss in expression of Notch1 gene expression and signaling in embryos caused by a combined loss of RGS6 and ox‐CaMKII.

![Impaired Notch signaling in Regulator of G protein signaling 6 (RGS6)^−/−^/Ca^2+^/calmodulin‐dependent protein kinase II (CaMKII)^VV^ embryos. A, quantitative polymerase chain reaction indicated that expression of the Notch receptor (Notch1), Notch ligand (Jagged \[Jag\] 1), and the Notch downstream target genes Hey1 and Hey2 were decreased in RGS6^−/−^/CaMKII^VV^ yolk sacs, embryos, and hearts relative to RGS6^−/−^/CaMKII^MM^ embryos. In contrast, Hey1L was only decreased in embryos and heart in double mutants N=3, \**P*\<0.05, \*\**P*\<0.01 RGS6^−/−^/CaMKII^VV^ vs RGS6^−/−^/CaMKII^MM^. B, Western blot analysis indicated that Notch1 intracellular domain (N1ICD) expression was reduced in RGS6^−/−^/CaMKII^VV^ embryos compared with RGS6^−/−^/CaMKII^MM^ embryos. C, Immunohistochemistry using N1ICD antibody showed decreased expression levels of N1ICD levels in the heart endothelial layer of RGS6^−/−^/CaMKII^VV^ embryos compared with RGS6^−/−^/CaMKII^MM^ embryos as Notch intracellular domain (red) co‐localizes with platelet endothelial cell adhesion molecule 1 (PECAM1) (green). Scale bars=50 μm. DAPI indicates 4′,6‐diamidino‐2‐phenylindole.](JAH3-6-e007038-g006){#jah32678-fig-0006}

Parallel Pathways: RGS6‐Dependent ROS Does Not Mediate CaMKII Oxidation {#jah32678-sec-0024}
-----------------------------------------------------------------------

The finding that combined, but not individual, loss of RGS6 and ox‐CaMKII leads to embryonic lethality and vascular defects in embryos, yolk sacs, and placenta indicates that RGS6 and ox‐CaMKII function in parallel versus in linear pathways. On the other hand, we previously showed that RGS6 is a critical upstream modulator of ROS generation[33](#jah32678-bib-0033){ref-type="ref"} and is needed for doxorubicin‐induced CaMKII oxidation in isolated cardiac myocytes (J. Huang PhD and R. Fisher PhD, unpublished data, 2012). Therefore, we assessed the relationship between RGS6, ROS, and CaMKII oxidation by staining for ox‐CaMKII and ROS (dihydroethidium) in embryos of different genotypes. While we observed that ox‐CaMKII expression was unaffected by RGS6 loss (Figure [7](#jah32678-fig-0007){ref-type="fig"}A), a reduction in ROS expression was observed in the head region and heart of RGS6^−/−^/CaMKII^MM^ embryos compared with RGS6^+/+^/CaMKII^MM^ embryos (Figure [7](#jah32678-fig-0007){ref-type="fig"}B and Figure [S6](#jah32678-sup-0001){ref-type="supplementary-material"}). As expected, we observed a loss of ox‐CaMKII expression in RGS6^−/−^/CaMKII^VV^ compared with RGS6^−/−^/CaMKII^MM^ embryos but saw no further alterations in ROS expression when comparing embryos of these two genotypes (Figure [7](#jah32678-fig-0007){ref-type="fig"}A and [7](#jah32678-fig-0007){ref-type="fig"}B). Thus, ROS sources not dependent on RGS6, which is abundant in RGS6^−/−^ embryos, mediates oxidative activation of CaMKII, consistent with RGS6 and CaMKII functioning in parallel pathways to promote normal embryogenesis.

![Regulator of G protein signaling 6 (RGS6), oxidized Ca^2+^/calmodulin‐dependent protein kinase II (ox‐CaMKII), and reactive oxygen species (ROS) expression in embryos of different genotypes. A, Detection of RGS6 (red) and ox‐CaMKII (red) levels in wild‐type (RGS6^+/+^/CaMKII^MM^), RGS6^−/−^ (RGS6^−/−^/Ca^2+^/calmodulin‐dependent protein kinase II \[CaMKII\]^MM^), and RGS6^−/−^/CaMKII^VV^ double mutant embryos by immunostaining. Scale bars=50 μm. B, Effects of combined loss of RGS6 and ox‐CaMKII on superoxide (red) generation in the head region of embryos as shown by dihydroethidium (DHE) staining. The transverse sectioning plane of embryos is represented in the schematic diagram. Scale bars=50 μm. C, Relative Nrf2 mRNA expression levels were analyzed by quantitative polymerase chain reaction in RGS6^+/+^/CaMKII^MM^,RGS6^−/−^/CaMKII^MM^, and RGS6^−/−^/CaMKII^VV^ embryos. D, ROS levels in mouse embryonic fibroblasts (MEFs) using 2′,7′‐dichlorodihydrofluorescein diacetate fluorescence. E, Cell proliferation of MEFs at different days using MTT assay. N=3. \**P*\<0.05, \*\*\**P*\<0.01 RGS6^−/−^/CaMKII^MM^ or RGS6^−/−^ CaMKII^VV^ vs RGS6^+/+^/CaMKII^MM^. DA indicates dorsal aorta; DAPI, 4′,6‐diamidino‐2‐phenylindole; NT, neural tube.](JAH3-6-e007038-g007){#jah32678-fig-0007}

RGS6 functions canonically to negatively regulate Gαi/o proteins, although its noncanonical functions include promoting ROS generation.[33](#jah32678-bib-0033){ref-type="ref"}, [34](#jah32678-bib-0034){ref-type="ref"}, [40](#jah32678-bib-0040){ref-type="ref"} A possible link between RGS6‐derived ROS and Notch signaling is the finding that ROS flux modulates Nrf2 activity, which activates the Notch pathway to maintain airway basal cell homeostasis.[51](#jah32678-bib-0051){ref-type="ref"} Figure [7](#jah32678-fig-0007){ref-type="fig"}C shows that embryos lacking RGS6 (RGS6^−/−^/CaMKII^MM^ and RGS6^−/−^/CaMKII^VV^) showed downregulation of Nrf2 compared with RGS6^+/+^/CaMKII^MM^ embryos (Figure [7](#jah32678-fig-0007){ref-type="fig"}C), raising the possibility that RGS6 may work through a noncanonical ROS‐Nrf2 pathway to modulate Notch signaling.

To corroborate our in vivo findings, we isolated MEFs to study the influence of RGS6 and ox‐CaMKII on ROS and cell death. We found a similar reduction of ROS in both RGS6^−/−^/CaMKII^MM^ and RGS6^−/−^/CaMKII^VV^ MEFs in comparison to ROS levels in RGS6^+/+^/CaMKII^MM^ MEFs (Figure [7](#jah32678-fig-0007){ref-type="fig"}D). This analysis also revealed that RGS6^−/−^/CaMKII^VV^ MEFs proliferated more slowly compared with RGS6^+/+^/CaMKII^MM^ or RGS6^−/−^/CaMKII^MM^ MEFs (Figure [7](#jah32678-fig-0007){ref-type="fig"}E). These findings indicate that the reduced cell proliferation of double mutant MEFs is not the result of loss of RGS6‐mediate ROS production but instead could be the result of defective Notch signaling in these cells.

Discussion {#jah32678-sec-0025}
==========

This study establishes a critical need for RGS6 and ox‐CaMKII in normal cardiac development, vascular remodeling with arterial specification, and hematopoiesis in developing embryos, yolk sacs, and placenta. While loss of either RGS6 or ox‐CaMKII does not alter embryonic development, their combined loss leads to lethality between E10.5 and 11.5 as a result of severe cardiovascular defects associated with defective Notch1 signaling. While RGS6 and ox‐CaMKII each have been implicated in heart disease, including heart injury and failure, no studies have examined their role individually or together in cardiovascular development. Here, we show that RGS6 and ox‐CaMKII are expressed in the early vasculature as well as heart and function in parallel pathways to ensure normal cardiovascular development.

We provide the first evidence of a requirement for RGS6 and ox‐CaMKII in the regulation of Notch signaling. This was first suggested by the nature and timing of the cardiovascular defects observed in RGS6^−/−^/CaMKII^VV^ embryos. Indeed, Notch signaling is required for the beginning of organogenesis at E9.5 to 10.5 at which time embryonic lethality is frequently attributed to cardiovascular and placental defects. Multiple aspects of cardiovascular development including atrioventricular canal formation, endocardial cushion formation, ventricular maturation, and trabeculation[52](#jah32678-bib-0052){ref-type="ref"} are controlled by Notch signaling. Normal heart development begins between E7.5 and 9.0, with the endothelial tube undergoing looping to start heart chamber formation by the process of septation at E9.5, followed by maturation and trabeculation of the ventricles between E9.5 and 10.5. We found severe cardiac defects in E9.5 to 10.5 RGS6^−/−^/CaMKII^VV^ embryos associated with a reduction in myocardium thickness and abnormal trabeculation caused by increased endothelial cell apoptosis (Figure [2](#jah32678-fig-0002){ref-type="fig"}). These same cardiac defects have also been observed in Hey1/Hey2 DKO, Epsin1/Epsin2 DKO, Jag1 KO mice, and mice with an endothelial‐specific deletion of Notch1,[16](#jah32678-bib-0016){ref-type="ref"}, [20](#jah32678-bib-0020){ref-type="ref"}, [25](#jah32678-bib-0025){ref-type="ref"}, [46](#jah32678-bib-0046){ref-type="ref"} although these defects were not accompanied by endothelial cell apoptosis.

The striking cardiovascular defects in RGS6^−/−^/CaMKII^VV^ embryos were accompanied by placental and yolk sac defects also similar to those caused by defective Notch signaling. Placental development begins at E3.5 and chorioallantoic fusion takes place at E8.5. Thereafter, the trophoblast compartment with its associated fetal blood vessel forms the labyrinthine layer of placenta where exchange of material between maternal and fetal blood system occurs.[43](#jah32678-bib-0043){ref-type="ref"} Notch signaling molecules are present in the placenta and are required for trophoblast functions, vasculogenesis, and angiogenesis.[53](#jah32678-bib-0053){ref-type="ref"} Similarly, our data demonstrate defective angiogenesis in RGS6^−/−^/CaMKII^VV^ placentas as there is a lack of embryo‐derived blood vessels in the labyrinth region as revealed by fetal liver kinase 1 staining (Figure [3](#jah32678-fig-0003){ref-type="fig"}C), similar to those seen in Hey1/Hey2 DKO.[25](#jah32678-bib-0025){ref-type="ref"} Likewise, the defective vascular remodeling we observed in RGS6^−/−^/CaMKII^VV^ yolk sacs (Figure [3](#jah32678-fig-0003){ref-type="fig"}D) was also reported in Notch1 KO, Notch1/4 DKO, Hey1/Hey2 DKO mice, as well as in mice in which the N1ICD is overexpressed,[16](#jah32678-bib-0016){ref-type="ref"}, [19](#jah32678-bib-0019){ref-type="ref"}, [25](#jah32678-bib-0025){ref-type="ref"}, [54](#jah32678-bib-0054){ref-type="ref"} while the hematopoietic defects we observed have previously been studied in detail only in N1ICD overexpressing mice.[54](#jah32678-bib-0054){ref-type="ref"}

Combined loss of RGS6 and ox‐CaMKII also provoked vascular remodeling defects in embryos. These embryos exhibited a lack of major blood vessels in brain, developmentally delayed neural tube maturation likely caused by increased apoptosis, and a reduction in the size of the dorsal aorta (Figure [4](#jah32678-fig-0004){ref-type="fig"}), as has been reported in Notch1 KO mice.[19](#jah32678-bib-0019){ref-type="ref"} Likewise, Notch1 is essential for generating hematopoietic stems cells.[55](#jah32678-bib-0055){ref-type="ref"} Interestingly, we also observed hematopoietic defects in histological sections of E10.5 RGS6^−/−^/CaMKII^VV^ embryos (Figure [3](#jah32678-fig-0003){ref-type="fig"}E). However, since we did see blood cells in double mutant embryos, these findings also demonstrate that blood flow was established between the yolk sac and embryo despite the presence of yolk sac vascular degeneration (Figure [3](#jah32678-fig-0003){ref-type="fig"}D, middle) and hematopoiesis defects (Figure [3](#jah32678-fig-0003){ref-type="fig"}D, lower; Figure [S5A](#jah32678-sup-0001){ref-type="supplementary-material"}) as RBCs in these embryos must originate from the yolk sac, the primary site of hematopoiesis until E11.5 when embryonic erythropoiesis begins.[56](#jah32678-bib-0056){ref-type="ref"} Yolk sac--associated defects in double mutant mice were also associated with downregulation of genes essential for erythroblast maturation (GATA‐a, β‐globin, and β‐major; Figure [S5B](#jah32678-sup-0001){ref-type="supplementary-material"}), similar to what has been reported in N1ICD embryos.[54](#jah32678-bib-0054){ref-type="ref"} This finding, together with the lack of differences in heart rates in RGS6^−/−^/CaMKII^MM^ and RGS6^−/−^/CaMKII^VV^ embryos (Figure [S7](#jah32678-sup-0001){ref-type="supplementary-material"}), suggests that the vascular defects reported here may not result from cardiac insufficiency. On the other hand, combined loss of RGS6 and ox‐CaMKII provoked cardiac defects, which, accompanied by the observed vascular remodeling and hematopoietic defects, might be expected to compromise cardiovascular function in embryos. The vascular defects we observed in double mutant mouse embryos were associated with disrupted artery/vein specification as evidenced by decreased expression levels of arterial markers Efnb2, gap junction protein alpha 4, and gap junction protein alpha 5, as well as lack of smooth muscle recruitment around the dorsal aorta, which is required for proper arterial maturation (Figure [5](#jah32678-fig-0005){ref-type="fig"}). Arterial/venous differentiation is a critical step for vascular development and function.[5](#jah32678-bib-0005){ref-type="ref"}, [57](#jah32678-bib-0057){ref-type="ref"} Efnb2 is expressed in arteries while EPH receptor B4 is expressed in veins.[58](#jah32678-bib-0058){ref-type="ref"}, [59](#jah32678-bib-0059){ref-type="ref"} Their expression is an indicator of arterial/venous specification and their imbalance leads to defective vascular development.[44](#jah32678-bib-0044){ref-type="ref"}, [60](#jah32678-bib-0060){ref-type="ref"} Consistent with the downregulation of Efnb2 expression and the impaired Notch1 signaling we observed in RGS6^−/−^/CaMKII^VV^ embryos, the Notch signaling pathway genes Notch1, Jag1, Hey1, and Hey2, which reportedly confer arterial fate by increasing Efnb2 and decreasing EPH receptor B4 expression,[60](#jah32678-bib-0060){ref-type="ref"} were also downregulated (Figure [6](#jah32678-fig-0006){ref-type="fig"}A).

In agreement with the striking similarity between disrupted embryonic phenotypes caused by impaired Notch1 signaling or combined loss of RGS6 and ox‐CaMKII, we provide direct evidence that RGS6 and ox‐CaMKII function in parallel pathways as critical upstream modulators of Notch1 signaling. Indeed, we found downregulation of Notch1, Jag1, and Notch downstream target genes Hey1, Hey2, and Hey1L in RGS6^−/−^/CaMKII^VV^ embryos and yolk sacs (Figure [6](#jah32678-fig-0006){ref-type="fig"}A), favoring the arterial specification defects we observed. Moreover, RGS6 and ox‐CaMKII are expressed in the developing endothelium of the heart (Figure [1](#jah32678-fig-0001){ref-type="fig"}) where they cooperate to modulate expression of these same Notch signaling components as well as Notch1 signaling, as measured by N1ICD expression in heart (Figure [6](#jah32678-fig-0006){ref-type="fig"}B and [6](#jah32678-fig-0006){ref-type="fig"}C). The cardiac defects in RGS6^−/−^/CaMKII^VV^ embryos are likely the result of impaired Notch1 signaling pathway gene expression and signaling. Defects in trabeculation are observed in mice with global or endothelial deletion of Notch1 as well as in RBP Jk^−/−^ and Hey1^−/−^/Hey 2^−/−^ mice.[61](#jah32678-bib-0061){ref-type="ref"} In addition, endothelial or endocardial deletion of Dll4 and Notch 1, but not Jag1, severely disrupts trabeculation.[62](#jah32678-bib-0062){ref-type="ref"} Our results suggest that trabeculation defects in double mutant mice (Figure [2](#jah32678-fig-0002){ref-type="fig"}A) are likely caused by loss of Notch1 expression and signaling rather than alterations in Dll4 expression, whose upregulation may be a response to Notch1 deficiency. Indeed, the trabeculation defects we observe in double mutant mice are comparable to those in mice with endocardial deletion of Notch1.[16](#jah32678-bib-0016){ref-type="ref"} The decrease in myocardium thickness and trabeculation and increased endothelial cell apoptosis we observed in hearts of RGS6^−/−^/CaMKII^VV^ embryos likely reflect the failure of Notch‐dependent endothelial cell interactions needed for myocardial development.

Our findings suggest that RGS6 and ox‐CaMKII function in parallel pathways to modulate Notch signaling, as embryos with individual loss of RGS6 or ox‐CaMKII developed properly and had no defects in Notch signaling. Consistent with this idea, we found that while RGS6 loss resulted in a reduction of ROS and Nrf2 levels in embryos it had no effects on ox‐CaMKII levels (Figure [7](#jah32678-fig-0007){ref-type="fig"}), suggesting that CaMKII is oxidized by ROS produced by sources independent of RGS6. RGS6‐dependent sources of ROS include Nox,[34](#jah32678-bib-0034){ref-type="ref"} which is intriguing given that Nox2 deficiency, like loss of RGS6 and ox‐CaMKII, promotes arterial specification defects caused by defective Notch1 signaling.[63](#jah32678-bib-0063){ref-type="ref"} Together, these findings suggest that RGS6‐mediated ROS generation may regulate Notch pathways underlying cardiovascular development. One of these pathways may include Nrf2, which, like RGS6, is dispensable for embryonic development.[64](#jah32678-bib-0064){ref-type="ref"} The precise nature of the pathway by which ox‐CaMKII cooperates with RGS6 to ensure proper Notch signaling is not yet clear. Among numerous possible mechanisms is the potential role of ox‐CaMKII in trafficking/recycling of Notch ligands, as observed in zebrafish inner ear,[65](#jah32678-bib-0065){ref-type="ref"} or in phosphorylation‐mediated degradation of a Notch co‐repressor (silencing mediator of retinoic acid and thyroid hormone receptor),[66](#jah32678-bib-0066){ref-type="ref"} the only known links between activated (phosphorylated) CaMKII and Notch signaling. Importantly, the knock‐in MM to VV mutation eliminates ROS‐mediated activation, but does not interfere with CaMKII autophosphorylation.[67](#jah32678-bib-0067){ref-type="ref"}

We illustrate a possible mechanism by which RGS6 and ox‐CaMKII may cooperate to promote Notch signaling within the developing embryo, which is required for proper vasculature and heart development (Figure [8](#jah32678-fig-0008){ref-type="fig"}). We depict RGS6 and ox‐CaMKII working via parallel pathways within a "signaling or receiving cell" to modulate Notch signaling, a depiction that is supported by our data in dorsal aorta and heart showing that both RGS6 and ox‐CaMKII are expressed in endothelial cells (Figure [1](#jah32678-fig-0001){ref-type="fig"}). On the basis of these findings, Figure [8](#jah32678-fig-0008){ref-type="fig"} demonstrates that these parallel pathways, whether present in the same cell or adjacent cells, do work in heart and yolk sacs to ensure proper Notch signaling and embryonic development.

![Schematic illustration of Regulator of G protein signaling 6 (RGS6)-- and/or Ca^2+^/calmodulin‐dependent protein kinase II (CaMKII)--dependent activation of Notch signaling in embryonic heart and vasculature. In this article we provide evidence that RGS6 and oxidated CaMKII (ox‐CaMKII) function in parallel pathways as critical upstream modulators of Notch signaling. RGS6‐mediated reactive oxygen species (ROS) generation modulates Nrf2 levels while RGS6‐independent ROS oxidizes CaMKII to control Notch signaling for proper cardiovascular development. We hypothesize that together, RGS6 and ox‐CaMKII in signal‐receiving cells (receptor‐ expressing cells), which promote Notch1 receptor and ligand (Jagged \[Jag\]) interaction and culminate in the proteolytic cleavage of Notch and the release of the Notch intracellular domain (NICD) into the cytoplasm, NICD translocation into the nucleus, and NICD‐mediated gene transcription upon association with other transcriptional regulators CBF1/Su(H)/Lag‐1, CSL, and mastermind‐like (MAML). However, it is possible that RGS6 and ox‐CaMKII are also present in signal‐sending cells (ligand‐expressing cells) and work in a similar manner. In addition, the parallel pathways utilized by RGS6 and ox‐CaMKII (including their respective ROS;RGS6‐dependent ROS \[moderate‐high level\] and non‐RGS6‐ROS \[basal‐low level\]) are denoted using different shades of blue to emphasize their separate and independent functions. AGM indicates aorta‐gonad‐mesonephros (contains the dorsal aorta); Efnb2, Ephrin B2.](JAH3-6-e007038-g008){#jah32678-fig-0008}

Conclusions {#jah32678-sec-0026}
===========

We have shown that RGS6 and ox‐CaMKII cooperatively ensure normal Notch signaling, which is crucial for proper cardiovascular development and embryo survival. Our findings suggest that alterations in the embryonic expression of RGS6 and ox‐CaMKII may potentially contribute to congenital heart defects, which represent the most common birth defects in humans.
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**Data S1.** Supplemental Methods.

**Table S1.** Primers Used for qPCR and Genotyping

**Figure S1.** Regulator of G protein signaling 6 (RGS6) and Ca^2+^/calmodulin‐dependent protein kinase II (CaMKII) genotyping of mice and embryos. Representative gel images used within the analysis of mouse RGS6 and CaMKII. Key bands used in the determination of RGS6 and CaMKII genotype are indicated to the right of each respective gel. A 100 bp DNA ladder was used in this analysis. We have identified the 200 and 500 bp bands within the ladder at the left of each gel image. Primers required for this analysis can be found in Table [S1](#jah32678-sup-0001){ref-type="supplementary-material"}.

**Figure S2.** Summary data of expression of regulator of G protein signaling 6 (RGS6), oxidized Ca^2+^/calmodulin‐dependent protein kinase II (ox‐CaMKII), phosphorylated CaMKII (p‐CaMKII), and total Ca^2+^/calmodulin‐dependent protein kinase II (CaMKII) in mouse embryos at different gestation periods. Western blot analysis of RGS6, ox‐CaMKII, p‐CaMKII, and total CaMKII expression levels in mouse embryos at different gestation stages was performed and quantified using ImageQuant 5.2 program (N=3). Representative blot can be seen in Figure [1](#jah32678-fig-0001){ref-type="fig"}A.

**Figure S3.** Expression of BMP2 and Tbx2 in E10.5 hearts. Analysis of BMP2 and Tbx2 expression, quantified via quantitative polymerase chain reaction, revealed that Tbx2, but not BMP2, is significantly downregulated in regulator of G protein signaling 6 (RGS6)^−/−^/Ca^2+^/calmodulin‐dependent protein kinase II (CaMKII)^VV^ hearts relative to RGS6^−/−^/CaMKII^MM^ hearts. \**P*\<0.05, \*\**P*\<0.01.

**Figure S4.** Regulator of G protein signaling 6 (RGS6) and oxidized Ca^2+^/calmodulin‐dependent protein kinase II (ox‐CaMKII) expression at E10.5 in RGS6^+/+^/Ca^2+^/calmodulin‐dependent protein kinase II (CaMKII)^MM^ placentas. RGS6 and ox‐CaMKII (red) were expressed in the labyrinthine region of placentas as detected by immunohistochemistry. Scale bars=20 μm.

**Figure S5.** Hematopoietic defects in regulator of G protein signaling 6 (RGS6)^−/−^/Ca^2+^/calmodulin‐dependent protein kinase II (CaMKII)^VV^ yolk sacs. A, In vitro differentiation analysis of yolk sac hematopoietic cells derived from RGS6^−/−^/Ca^2+^/calmodulin‐dependent protein kinase II (CaMKII)^MM^ and RGS6^−/−^/CaMKII^VV^ yolk sacs at E10.5 using methylcellulose colony assay. The number of erythroid burst‐forming units (BFU‐E) colonies (\>20 cells) produced from RGS6^−/−^/CaMKII^MM^ and RGS6^−/−^/CaMKII^VV^ yolk sacs were quantified after 7 days in culture, as shown in the representative images. This analysis revealed that the combined loss of RGS6 and ox‐CaMKII reduces the ability of hematopoetic cells to form colonies. Scale bars=50 μm. N=3. \**P*\<0.01. B, Quantitative polymerase chain reaction analysis of hematopoietic gene expression in E10.5 yolk sac revealed a significant reduction in the expression of the GATA‐binding protein 1, β globin, and β‐major genes in RGS6^−/−^/CaMKII^VV^ yolk sacs relative to RGS6^−/−^/CaMKII^MM^ yolk sacs. N=3. \**P*\<0.01.

**Figure S6.** Oxidized Ca^2+^/calmodulin‐dependent protein kinase II (ox‐CaMKII) and reactive oxygen species (ROS) expression in hearts of embryos of different genotypes. A, Detection of ox‐CaMKII (green) levels in wild‐type (regulator of G protein signaling 6 \[RGS6\]^+/+^/Ca^2+^/calmodulin‐dependent protein kinase II \[CaMKII\]^MM^), RGS6^−/−^ (RGS6^−/−^/CaMKII^MM^), and RGS6^−/−^/CaMKII^VV^ double mutant embryo hearts (arrows) by immunostaining reveals that RGS6 loss does not alter ox‐CaMKII expression. Note: embryos were not in the same sectioning planes. Scale bars=200 μm. B, Effects of combined loss of RGS6 and ox‐CaMKII on superoxide (red) generation in hearts of embryos as shown by dihydroethidium staining. Scale bars=50 μm.

**Figure S7.** Heart rates in regulator of G protein signaling 6 (RGS6)^−/−^/Ca^2+^/calmodulin‐dependent protein kinase II (CaMKII)^MM^ and RGS6^−/−^/CaMKII^VV^ live embryos. The heart rate of live E10.5 embryos was manually counted by viewing the embryo through a dissection microscope. This analysis revealed no significant difference in the heart rate of RGS6^−/−^/CaMKII^VV^ double mutant embryos relative to RGS6^−/−^/CaMKII^MM^ embryos. N=3.
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